So far there seems to have been no practical method for the assay of cardiotonic ste roids which measures their positive inotropic activity per se directly on the cardiac muscle preparation. A series of studies on the structure-activity relationship of cardenolides conducted in this laboratory have brought about much newer knowledge on this problem, including dispensability of 319-hydroxy group or 14&beta;-hydroxy group for cardiotonic ac tion and inactiveness of 15&alpha;-hydroxydigitoxigenin (1-4). In the course of the study, it was felt necessary to describe the potencies of important compounds in terms of numeri cal values. This led us to develop a new assay method which is based on the potentiation of K-contracture of frog ventricular muscle by these compounds, and it has been applied successfully at least to the aglycones. The present paper will report on the new method and the results of the assay of seven aglycones. In addition, the relative potencies of the compounds were compared with those obtained by another method with Straub's isolated frog heart preparation.
So far there seems to have been no practical method for the assay of cardiotonic ste roids which measures their positive inotropic activity per se directly on the cardiac muscle preparation. A series of studies on the structure-activity relationship of cardenolides conducted in this laboratory have brought about much newer knowledge on this problem, including dispensability of 319-hydroxy group or 14&beta;-hydroxy group for cardiotonic ac tion and inactiveness of 15&alpha;-hydroxydigitoxigenin (1) (2) (3) (4) . In the course of the study, it was felt necessary to describe the potencies of important compounds in terms of numeri cal values. This led us to develop a new assay method which is based on the potentiation of K-contracture of frog ventricular muscle by these compounds, and it has been applied successfully at least to the aglycones. The present paper will report on the new method and the results of the assay of seven aglycones. In addition, the relative potencies of the compounds were compared with those obtained by another method with Straub's isolated frog heart preparation.
MATERIALS AND METHODS
The isolated ventricular strip preparation and the isolated heart preparation (Straub's preparation) of the frog (Rana nigroinaculata) were used. Experiments were performed from May through September.
1) Isolated ventricular strip preparation:
A circular strip was dissected out from the middle protion of the ventricle, and cut open to give a muscle preparation about 1 mm thick and 5 mm long. It was suspended in a 3 ml organ bath containing Ringer's solu tion aerated with oxygen and maintained at temperature of about 25°C. The composition of the normal Ringer solution was: NaCl, 111 mM ; KCI, 2.7 mM ; CaCl2i 1.8 mM ; NaHCO3i 1.2 mM; d-glucose, 2.7 mM. In the following experiments , the concentrations of KCl and CaC12 were modified according to the purposes. For induction of K-contrac ture, a solution containing 60 mM of KCI and 0.9 mM of CaCl2 (60 mM K, 0.9 mM Ca Ringer) was used. For measurement of the maximal K-contracture tension, a solution containing 110 mM of KCl and 5 mM of CaC12 (110 mM K, 5 mM Ca-Ringer) was used.
In these two cases, equivalent amount of NaCI was replaced by KCI.
The preparation was stimulated electrically at the rate of 0.2 cps throughout the ex periment, except when K-contracture was induced and recorded. The stimulation was made by a square wave pulse, 5 msec duration, of an electronic stimulator (Nihon Kohden, MSE-3R) via a hook holding the lower end of the preparation. The contractile tension was recorded isometrically on a linear recorder (Watanabe Electronic Instruments, WTR 281) with the aid of a straingauge transducer and a carrier amplifier. To the transducer, the upper end of the preparation was connected by string.
2) Isolated heart preparation (Straub's preparation) : Experiments were performed at a room temperature (20-25). Straub's cannula contained 2 ml of Ringer's solution aerat ed with air. The contraction of the heart was recorded by an isotonic lever. The heart was made hypodynamic by reducing the concentration of calcium to 0.6 mm, one third the normal, and then the effect of a cardiotonic steroid was tested in the following way.
The stock solution of a test compound was diluted with distilled water. Starting from a subthreshold dose, a small amount (0.02-0.14 ml) of a diluted solution was added to the cannula every fifteen minutes, so that a stepwise increase in the cummulative con centration of the compound was achieved. The way of increase in the cummulative con centration was: 10-n, 3 x 10-n, 10-(°-'), 3 x 10-(°-'', Usually, three or four steps were sufficient to cover from the minimum effective concentration to that causing systolic arrest of the heart. At least three experiments were carried out with each com The maximal tension could also be induced by 60 mM K-Ringer, if the concentration of calcium was 14.4 mM or more. In this case, however, the tension development was much suppressed in the presence of a higher dose of a cardiotonic steroid, the toxic effect of the latter being greatly potentiated, and the measurement of the maximal tension was often impossible. Furthermore, when the induction of contracture of the muscle by 60 mM K, 14.4 mM Ca-Ringer was repeated many times, the developed tension increased steadily over a period of 4 hours or even more, and no stable state could be obtained. In contrast, when 110 mM K, 5 mM Ca-Ringer was used, a stable state was attained within Z hours as described below.
For measurement of potentiating effect of K-contracture by cardiotonic steroids, 60 mM K, 0.9 mM Ca-Ringer was chosen.
In this medium the tension of the muscle was usually around 10% of the maximum (Fig. 1) . So there is plenty of room left for a cardio .onic steroid to improve the tension development. repeated several times in succession until the developed tension reached a steady level.
As shown in Fig. 2 , this was usually attained within two hours.
3) Assay procedure : As soon as the maximal contracture tension became steady (Fig. 3, A, Tmax) , the assay of the test compound was started. In Fig. 3 , a typical example of the procedure is shown. After the preparation was washed with 0.9 mM Ca-Ringer, it was bathed in 0.9 mM Ca-Ringer containing a low dose of the test compound. Forty five minutes was allowed to elapse during which time the twitch tension increased gradually till it reached a steady higher level. The bathing fluid was renewed once in the middle of this period. Then K-contracture was induced by replacing the bathing fluid with 60 mM K, 0.9 mM Ca-Ringer and recorded (Fig. 3, B , T,,,w).
FIG. 3.
A typical example of the assay procedure. Tmax : maximal contracture tension. T,0W and Thigh : Contracture tension developed in the presence of low dose and high dose of digitoxigenin, respectively. At the arrows, the bathing fluid was replaced by a modified Ringer's solution which contained KC1 and CaClz in concentrations as indicated by the figures at the bottom.
After washings with 0.9 mM Ca-Ringer, the preparation was immersed in 5 mM Ca
Ringer for 20 minutes and the maximum contracture tension was again recorded (Fig.   3 , C, Tma,). The preparation was washed with 0.9 mM Ca-Ringer, and was bathed in 0.9 mM Ca-Ringer which contained a high dose of the test compound. After another 45 minutes, with a renewal of the solution in about the middle of the period, K-contracture was induced and recorded as in the case of the low dose of the compound (Fig. 3, D , Thigh).
Upon completion of the above procedure, the preparation was washed and bathed in 5 mM Ca-Ringer for 20 minutes, and the final determination of the maximal tension was made (Fig. 3 , E, Tmax).
The three maximal tension values obtained at the beginning, in the middle and at the end of the assay were plotted against time, and the maximal tensions to be obtained 
4) Relative potencies of seven aglycones:
In Table 1 , the results of assay of seven aglycones are summarized.
The values of ED,o (the concentration of a compound necessary to produce 50% of the maximal contracture tension) and the relative potency were obtained according to the parallel line assay technique. The confidence limits for relative potency were calculat ed on the basis of Filler's theorem. Since, the present method does not allow the standard and the test compounds to be tested on one and the same preparation, there occur two independent variances. Thus, theoretically, the Behrens distribution should be used for calculation of the confidence limits (5). However, t-distribution has been utilized as an approximation, since the degrees of freedom of the two variances are equal. As digi toxigenin served as the standard compound in each group of assay, the multiple t-distri bution of Dunnett (6, 7) rather than t-distribution has been utilized, in groups C and D.
The mean values of K-contracture tensions as percentage of the maximal tension are plotted in Fig. 4 . The parallel lines are drawn, the common slope of which being calculat ed in each group of assay. II) Assay of aglycones with the isolated frog 's heart (Straub's preparation)
The positive inotropic effects of the seven aglycones were also tested on Straub's prepa Note a close agreement between R.P. regarding potentiated K-contracture and R.P. regarding systolic arrest. Other abbreviations are the same as in Table 1. ration. The minimal effective concentration and the concentration in which systolic arrest of the heart was induced were obtained for each of the compounds. The relative potency was calculated on the basis of these data, and compared with the values obtained by the "K -contracture method" . As shown in Table 2 , there is a close agreement between the two sets of values of relative potency, namely, those regarding potentiation of K-contrac ture and those regarding induction of systolic arrest.
DISCUSSION
Little success has so far been achieved in measuring the positive inotropic activity of the cardiotonic steroids precisely, by the isolated heart or the cardiac muscle preparations.
The importance of a method of this sort in the study of the structure-activity relationship of the compounds was discussed previously (2) . A major problem seems to be the diffi culty in obtaining suitable dose-response relationship, due to the slowness of these com pounds in reaching a full effect, little washability, and the involvement of suppressive ef fects on excitation of the muscle cell membrane especially in higher doses.
A trial was made by White and Salter (8) . They obtained dose-response curves of some glycosides on the basis of their positive inotropic effects on the isolated papillary muscle of the cat. The relative potencies were calculated by an appropriate statistical analysis. This method, however, doesn't seem to be practical, because the assay procedure is not very simple, and because the size of the maximal response is not certain.
In the present study, the usage of potentiation of K-contracture and the selection of adequate ionic conditions made it possible to obtain satisfactory results, which could be treated according to the parallel line assay technique. Seven agicyones were assayed by the new method. The index of precision (A) of the method was 0.10 on the average. This value is about the same as that of the insulin assay by means of measuring the rabbit blood sugar level (7) .
The advantage of taking the K-contracture tension as the measure of the positive iso tropic effect of the steroids, instead of taking the twitch tension, is shown in the study of Otsuka and Nonomura (9) on the action of ouabain on the isolated frog ventricular mus cle. They showed that the augmentation of K-contracture persisted even after the onset of the toxic stage of the ouabain action, while the twitch tension became markedly de pressed. Therefore, a wider dosage range of a compound is available for the sasay when the potentiation of K-contracture is utilized as the measure.
As stated above, a close agreement was noticed between the relative potencies calcu lated on the basis of the increased K-contracture of the ventricular muscle and those which were calculated on the basis of systolic arrest in Straub's preparations. This may be rea sonable, because both phenomena are the results of the same action of the compounds; namely the action causing a shift of the depolarization-tension relationship of ventricular muscle (9) . The finding assures that Straub's preparation is useful enough for a rough comparison of the activity of the cardiotonic steroids.
In this context, it was also found that there exists a good correlation between the ac
